Checkpoint kinase 1 (Chk1) responds to disruption of DNA replication to maintain the integrity of stalled forks, promote homologous recombination-mediated repair of replication fork lesions, and control inappropriate firing of replication origins. This response is essential for viability as replication inhibitors trigger apoptosis in S-phase cells depleted of Chk1. Given the complex network of cellular responses controlled by Chk1, our aim was to determine which of these protect cells from apoptosis following replication stress. Work with cell-free systems has shown that RPA-ssDNA complex forms following replication inhibition through the uncoupling of replication and helicase complexes. Here we show that replication protein A (RPA) foci form in cells treated with replication inhibitors and that the number of foci dramatically increases together with hyperphosphorylation of RPA34 in Chk1-depleted cells in advance of the induction of apoptosis. RPA foci, RPA34 hyperphosphorylation, and apoptosis were suppressed by siRNA-mediated knockdown of Cdc45, an essential replication helicase cofactor required for both the initiation and elongation steps of DNA replication. In contrast, loss of p21, a negative effector of origin firing, stimulates both the accumulation of RPA foci and apoptosis. Taken together, these results suggest that the loss of control of replication origin firing following Chk1 depletion triggers the accumulation of the RPA-ssDNA complex and apoptosis when replication is blocked.
Recent work provides compelling evidence that this pathway is triggered as a result of the functional uncoupling of polymerase and helicase activities following disruption of DNA synthesis. 7 Single-stranded DNA (ssDNA) formed by the continued activity of the helicase complex in the absence of replication is coated with replication protein A (RPA) that, in turn, interacts with the ATR-interacting protein (ATRIP) and ATR. 8, 9 The formation of this complex is necessary for efficient phosphorylation and activation of Chk1, 8 although Chk1 also may be phosphorylated by ATR where ATR-ATRIP complex does not bind to RPA. 9 Activated Chk1 coordinates many of the cellular responses to replication fork stress. More specifically, it prevents inappropriate firing of late replication origins, abandonment of replication forks, and premature chromosome condensation following disruption of replication. 6, [10] [11] [12] Chk1 activation has also been shown to be required for the homologous recombination (HR)-mediated restart of replication forks stalled by replication inhibitors 13 and to prevent the induction of apoptosis. 6, [14] [15] [16] Previous work from our group has focused on how loss of these pathways affects the commitment of cells to apoptosis following the disruption of DNA replication. Many replication inhibitors are normally poor inducers of apoptosis in cultured tumor cells. However, we 16 and others 14, 15 have shown that siRNA-mediated ablation of Chk1 (but not checkpoint kinase 2) causes cells arrested in S-phase by replication inhibitors to rapidly undergo apoptosis. This death response is p53 independent, but cells that lack both Chk1 and p21 show a more robust death response and reduced cell survival. 16 Thus, the Chk1 pathway plays a key role in protecting S-phase cells from undergoing apoptosis during replication stress, and p21 mediates this role by preventing entry into S-phase. Given the complex network of responses regulated by Chk1 following replication fork stress, the purpose of this investigation was to determine which of them control the induction of apoptosis. Here we show the effects of disruption of HR or replication initiation on this response.
Results
Cells defective in HR do not become committed to apoptosis following disruption of DNA replication. Given the report that Chk1 is required for HR induced by replication inhibitors, 13 we first tested the hypothesis that disruption of HR-mediated rescue of replication forks stressed by treatment with replication inhibitors committed cells to apoptosis. siRNA-mediated knockdowns of the known HR proteins XRCC3 and Rad51 were achieved in a strain of the human colorectal carcinoma cell line SW480 carrying the SCneo recombination reporter (SW480/SN3) after a 24-h treatment (Figure 1a ). To determine whether these knockdowns affected HR, these cells were then transfected with an expression construct for I-SceI endonuclease that introduces a single DSB in one of the defective neo genes in the reporter. This break is resolved by homology-driven recombination to produce a functional neo gene that allows the formation of neo þ colonies. 17 In SW480/SN3 cells depleted of XRCC3 or Rad51, the frequency of neo þ recombinants was reduced 10-and 40-fold, respectively, relative to that obtained in cells treated with the control siRNA ( Figure 1b) . Chk1 depletion produced a 2.5-fold reduction in the level of neo þ recombinants, consistent with the earlier report. 13 Thus, siRNA-mediated knockdowns of proteins required for HR suppress the level of recombination in this sensitive assay. To determine the effect of knockdowns of XRCC3 or Rad51 on the induction of apoptosis following excess thymidine treatment, we measured the fraction of SW480/SN3 cells with a subG1 DNA content by flow cytometry following depletion of XRCC3, Rad51, or Chk1. Cells depleted of the two HR proteins showed little or no change in the fraction of cells having a subG1 DNA content following thymidine treatment, whereas those depleted of Chk1 showed a clear increase (Figure 1c) . These results are consistent with a previous report from our group 18 showing that the apoptotic response of hamster cells deficient in XRCC2, XRCC3, or Rad51C to replication inhibitors was not enhanced relative to that obtained with parental cells or cells corrected for the repair defect. Thus, the HR status of the cells does not appear to be a major determinant of apoptosis induction following disruption of DNA replication.
RPA foci accumulate in Chk1-depleted cells as an early response to DNA replication fork stress that precedes the induction of apoptosis. Chk1 activation, which is triggered following formation of RPA-ssDNA regions, controls further accumulation of such intermediates by preventing the inappropriate firing of late replication origins. We first determined whether this RPA-ssDNA complex is formed in thymidine-treated cells by measuring the accumulation of RPA in chromatin and RPA foci. We then determined whether Chk1 depletion caused a further accumulation of the RPA-ssDNA complex after treatment with replication inhibitors as a potential indicator of the inappropriate firing of replication origins. Soluble and chromatin-bound proteins were fractionated from cultures of the human colon cancer cell line HCT116 treated with thymidine for analysis of RPA. The level of RPA34 and RPA70 in the chromatin-bound fraction increased weakly in cells treated with the control siRNA following exposure to thymidine ( Figure 2 ). In Chk1-depleted cells, the increase in the chromatin-bound RPA proteins was more pronounced and the increase in RPA34 was largely in the form of the hyperphosphorylated protein. Despite the increase in RPA34 in the nuclear fraction, there was no change in the overall level of this protein (Supplementary Information; Figure 1 ). There was a weak but significant increase in the fraction of HCT116 cells containing low levels of RPA foci (o10 per cell) as early as 1 h after thymidine treatment (Figure 3a and b). In Chk1-depleted cells, RPA foci were strikingly more numerous and more intense following thymidine treatment. Cells showing the high level of foci (410 per cell) were evident as early as 1 h after treatment and continued to accumulate through 24 h, where they represented about 50% of the population (Figure 3b ). RPA foci that formed in Chk1-depleted cells treated with thymidine colocalized with PCNA (Figure 3c ), indicating that they were present at replication forks. While the fraction of cells showing RPA foci increased in Chk1-depleted cells treated with thymidine, the fraction of cells developing Rad51 foci (410 per cell) decreased ( Figure 3d ; Supplementary Information; Figure 2 ), consistent with previous reports. 13 Importantly, the accumulation of RPA foci in Chk1-depleted cells preceded the induction of apoptosis (Figure 3e ). At 24 h post thymidine treatment, there was only a small increase in the frequency of Annexin V þ cells in cultures treated with the Chk1 siRNA relative to those treated with the control, whereas B50% of cells presented 410 RPA foci. At 48 h post thymidine treatment, 60% of cells were Annexin V þ . Similarly, measurements of apoptosis using the TUNEL assay revealed a low level of TUNEL þ cells (1-2%) in cultures treated with either control or Chk1 siRNAs through a 24-h exposure to thymidine (Supplementary Information; Figure 3 ). However, by 48 h, there was an increased accumulation of TUNEL þ cells in cultures treated with the Chk1 siRNA relative to cultures treated with the control. Thus, the level of RPA in chromatin and RPA foci significantly increased after thymidine treatment of Chk1-depleted cells in advance of the induction of apoptosis.
We also considered the possibility that the induction of RPA foci might be the result of damage triggered by thymidine in Chk1-depleted cells. Although thymidine is not a DNAdamaging agent and does not induce detectable DSBs, 20, 21 we determined whether DSBs accumulated in Chk1-depleted cells. Untreated, Chk1-depleted, and Chk1-depleted cells treated with thymidine were gently lysed in agarose blocks and DNA was fractionated by pulsed-field gel electrophoresis ( Figure 4 ). No DNA fragments characteristic of damageinduced DSBs were detected in Chk1-depleted cells treated with thymidine in this assay, although smaller fragments resembling those formed during apoptosis were seen in these cells.
Cdc45 depletion suppresses the accumulation of RPA foci in Chk1-depleted cells following DNA replication stress. Although these results were consistent with the model that Chk1 prevents the further accumulation of RPAssDNA complex by controlling the inappropriate firing of replication origins, we further tested this hypothesis by examining the distribution of the replication helicase cofactor Cdc45 in Chk1-depleted cells, and by determining the effect of depletion of this protein on the accumulation of RPA foci. Cdc45 is a gene essential for the initiation of DNA replication in yeast 22 and DNA unwinding during replication elongation in Xenopus egg extracts. 23 Loss of either function would be predicted to reduce the accumulation of RPA coated ssDNA and RPA foci in the presence of replication inhibitors. 23, 24 In yeast, Cdc45 is predominantly associated with replication and not HR-mediated repair of replication fork damage. 25 Previous reports have shown increased loading of Cdc45 onto chromatin following treatment with Chk1 inhibitors in some human cell lines, consistent with an increased initiation of DNA replication. 26 To determine the effect of Cdc45 depletion on the formation of the RPA-ssDNA complex in Chk1-depleted cells, HCT116 cells treated with Cdc45 and/or Chk1 siRNAs for 24 h ( Figure 5a ) were then exposed to thymidine for a further 24 h before they were assayed for chromatin-bound RPA or Figure 2 RPA accumulates in chromatin in Chk1-depleted cells following replication fork stress. HCT116 cells were transfected with the indicated siRNAs, and treated or not treated with 2 mM thymidine (TdR) for 24 h. Cell fractionation was carried out as indicated in Materials and Methods and the levels of RPA34, RPA70, and Chk1 present in cytosolic (S1), the soluble nuclear (S2), and the chromatinbound (P) fractions were analyzed by western blotting. The hyperphosphorylated form of RPA34 is indicated. ORC2 and GRB2 were used as markers for the chromatin-bound (P) and cytoplasmic (S1) proteins, respectively. siRNA following thymidine treatment (Figure 5d and e). In contrast, there was a strong increase in the fraction of Chk1-depleted cells accumulating RPA foci (410). When cells were depleted of both Cdc45 and Chk1, there was a substantial suppression of cells accumulating RPA foci and the pattern of foci was similar to that seen in cells treated with the control siRNA. Suppression of RPA foci formation was also found in SW480 cells depleted of Cdc45 and Chk1 following thymidine treatment (Figure 5f ). Furthermore, this effect was not limited to cells treated with thymidine as hydroxyurea (HU) treated cells responded similarly (Figure 5d and e) . Thus, Chk1-depleted cells show a marked accumulation of chromatinbound hyperphosphorylated RPA34 and RPA foci following treatment with agents that disrupt DNA replication, and this accumulation is Cdc45 dependent.
The induction of apoptosis in Chk1-depleted cells treated with replication inhibitors is Cdc45 dependent. Given that Cdc45 depletion protected cells from the accumulation of RPA-ssDNA complex, we next determined whether it protected cells from apoptosis following treatment with replication inhibitors, by analyzing cell-cycle distribution of cultures treated with the Cdc45 siRNA. As we found earlier with unstressed cells, Cdc45 depletion also slowed the progression of stressed cells through S-phase. Cdc45-depleted HCT116 cells treated with replication inhibitors showed an increase in the fraction of cells in early S-phase and a decrease in the fraction in G2 relative to those treated with the control siRNA (Figure 6a) . However, the fractions of cells with a subG1 DNA content were similar in cultures treated with the Cdc45 or control siRNAs. In contrast, Chk1-depleted cells treated with thymidine or HU showed a marked increase in the fraction with a subG1 DNA content. When HCT116 cells were depleted of both Cdc45 and Chk1, the level of cells with a subG1 DNA content was substantially reduced and was only slightly higher than that found in cells treated with control or Cdc45 siRNAs alone. Similar results were obtained with SW480 cells (Figure 6b (Figure 6d ). siRNA-mediated depletion of Cdc45 alone had no significant effect on colony formation relative to cells treated with the control siRNA, whereas Chk1 depletion caused a marked reduction in colony formation. Depletion of both proteins restored colony formation in thymidine to that measured in the control cultures. Thus, Cdc45 depletion protects cells from the apoptotic effects of Chk1 depletion during replication stress.
p21 protects Chk1-depleted cells from the accumulation of RPA foci and apoptosis following replication stress. p21 exerts a negative effect on replication initiation through its role as a cyclin-dependent kinase inhibitor. 27 In Chk1-depleted cells treated with thymidine, p21 is induced in a p53-independent manner. 16 As shown previously, a significantly higher fraction of p21-deficient cells depleted of Chk1 have a subG1 DNA content relative to p21-proficient cells (Figure 7a and b) , suggesting that p21 may provide some protection from apoptosis in the absence of Chk1 by reducing origin firing. To determine whether loss of p21 correspondingly increased the fraction of cells accumulating RPA foci, these were measured in HCT116 p21 þ / þ and p21À/À cells depleted of Chk1 and treated with thymidine. Although the fraction of cells showing RPA foci in the presence of Chk1 was not affected by p21 status, a significantly higher proportion of p21-deficient cells accumulated RPA foci following Chk1 depletion relative to p21-proficient cells (Figure 7c ). Thus, a negative effector of origin firing suppresses both the accumulation of RPA foci and the induction of apoptosis in Chk1-depleted cells treated with thymidine.
Discussion
Chk1 triggers a complex network of responses to the disruption of DNA replication. Here we investigated the Chk1-mediated response that protects cells from apoptosis. The work presented here argues that its role in controlling inappropriate firing of replication origins is particularly critical to prevent cell death (for model, see Figure 8 ). We show that RPA is recruited to chromatin and RPA foci form in cells Figure 4 DSBs are not detectable in Chk1-depleted cells following replication fork stress. DSBs were visualized by pulsed-field gel electrophoresis of DNA obtained by gentle lysis of HCT116 cells in agarose plugs after the transfection with the indicated siRNAs, followed by the treatment or not with 2 mM thymidine (TdR) for 24 or 48 h. Agarose plugs treated with 10 Gy of IR were loaded as positive controls for DSBs. Regions of the gel showing DSBs, other DNA damage, and DNA fragments generated by apoptosis are indicated treated with replication inhibitors, consistent with the formation of RPA-ssDNA complex that has been shown to occur as a result of uncoupling of the polymerase and helicase complexes in Xenopus egg extracts. 7 In Chk1-depleted cells, agents that disrupt replication cause a dramatic increase in the number of these RPA foci and RPA34 hyperphosphorylation. We propose that the inappropriate firing of replication origins that occurs in Chk1-depleted cells 6, 10, 12 increases the number of forks where ssDNA-RPA complex accumulates as an early event following replication fork stress. In support of this proposal, depletion of the helicase cofactor Cdc45 suppresses the induction of RPA foci and apoptosis. Whereas this protein is required for both the initiation and elongation steps of DNA synthesis, disruption of either would retard the formation of inappropriate replication fork intermediates in Chk1-depleted cells. In contrast, loss of p21, a negative effector of replication origin firing that is normally induced in Chk1-depleted cells, 16 leads to a further increase in the fraction of cells accumulating RPA foci and undergoing apoptosis.
An alternative explanation of these observations is that the apoptotic response may be the result of DNA damage accumulating in Chk1-depleted cells treated with replication inhibitors and/or aberrant repair. However, several lines of evidence argue against this explanation. First, the primary agent we used in these experiments (thymidine) did not generate detectable DSBs that might form as a result of the collapse of stressed forks in the presence or absence of Chk1. Second, the status of the two repair pathways that deal with replication fork stress induced by thymidine did not determine the apoptotic response. DNA replication errors generated by thymidine 28 are repaired by MMR, while HR is required for efficient S-phase progression by promoting restart of stalled replication forks. 20 The apoptotic response obtained in Chk1-depleted cells treated with thymidine was similar in both MMRdeficient (HCT116) and MMR-proficient (SW480) cells. We further showed that there was no increase in the level of apoptosis in response to replication fork stress in cells deficient in HR. Finally the apoptotic response was dependent upon Cdc45. Although it is not yet clear whether Cdc45 plays any role in repair pathways in mammalian cells, in yeast Cdc45 is absolutely required for genomic replication but not for HR-mediated DSB gene conversion. 25 Experiments with Xenopus egg extract systems provide strong evidence that the uncoupling of the Cdc45-MCM helicase from the replication complex generates RPA-ssDNA complex when polymerase activity is arrested. 7 The Cdc45 dependence of RPA foci accumulation in Chk1-depleted cells treated with replication inhibitors provides evidence that this mechanism functions in vivo. Furthermore, our previous observation that loss of the cyclin-dependent kinase inhibitor p21 affects death at the G1-S border, 16 argues that its role in the control of replication initiation is crucial for the control of apoptosis under these conditions. Taken together, these observations support our argument that the role of Chk1 in the control of aberrant replication initiation is crucial to prevent apoptosis.
The signal that finally triggers the apoptotic response is not revealed by these experiments. Chk1 depletion alone is not sufficient to trigger apoptosis in our cells. It is only after addition of inhibitors of replication elongation that apoptosis occurs. RPA foci or hyperphosphorylated RPA34 that accumulate under these conditions are attractive candidates for such a signalling function. RPA has been shown to interact with a number of proteins involved in the DNA-damage response, such as ATR-ATRIP or the Rad9-Rad1-Hus1 complex. 8, 9, 29 However, attempts to test this hypothesis by siRNA-mediated depletion of RPA34 or RPA70 have not been successful. Consistent with another report, 30 RPA34 depletion induced a G2 arrest only at later times after treatment (data not presented). Since the effects of Chk1 depletion at replication forks occur earlier, the usefulness of this approach appears limited.
The targeted knockout of Chk1 in mice leads to early embryonic lethality. 31 In mouse ES cells, disruption of Chk1 induces spontaneous apoptosis that is the result of mitotic catastrophe caused by premature activation of Cdc2-cyclinB. 32 We found only a very low level of mitotic catastrophe in our Chk1-depleted cells either in the presence or absence of replication inhibitors. 16 Importantly, it has been reported that mouse ES cells have a defective p21 response to DNA damage 33 that, in combination with Chk1 deficiency, could enhance the apoptotic response of these cells. Thus, the cellular response to Chk1 depletion appears to depend upon the stringency of the depletion and the integrity of responses to genomic stress.
Recent studies have indicated that some tumors show evidence of a chronic activation of DNA-damage responses that might be the result of replication stress driven by activated oncogenes. 34, 35 Tumor microenvironment may also contribute to replication fork stress. Hypoxia induces alterations in dNTP pool levels that could lead to replication stress 36 and trigger the ATR-Chk1-signalling pathway. 37 The mechanism presented here suggests that activated Chk1 would play a critical role in protecting cells from apoptosis at such points in tumor development. Therefore, treatment strategies targeting Chk1 in combination with replication inhibitors might prove particularly effective against tumors showing Chk1 activation.
Materials and Methods
Cell lines and cultures. The HCT116 human colon cancer cell line was obtained from ATCC. The p21 derivative of this line was generously provided by Dr Bert Vogelstein (Johns Hopkins University, Baltimore, MD). The isolation of SW480/ SN3 was described previously. 38 Cells were maintained in DMEM supplemented with 10% fetal bovine serum (FBS). For experiments using thymidine (Sigma), dialyzed FBS was used to remove deoxynucleosides that might alter the cellular response to this agent. siRNA transfection. Chk1 siRNA was designed to correspond to the Chk1 DNA sequence (J Blackburn and C Smythe, unpublished data). Rad51 (M-003530-03), XRCC3 (M-012067-00), and Cdc45 (M-003232-02) siRNAs were from Dharmacon (Lafayette, CO) and the control siRNA (OR-0030-NEG) was from Eurogenetec. siRNA duplexes were transfected into cells using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. In experiments where the effect of a single siRNA was compared with the effect of two siRNAs, control siRNA was used to keep the amount of siRNA constant. Twenty-four hours after transfection, cells were washed with phosphate-buffered saline (PBS) before treatment for 24 or 48 h. Cells were then collected and analyzed.
Colony-forming assay. Cultures were transfected with different siRNAs for 24 h and then trypsinized and plated in triplicate at low density (1000 cells/100-mm dish) in media containing the indicated levels of thymidine. Depletion of relevant proteins was confirmed by western blotting using extracts prepared from parallel cultures treated with the siRNAs. Cells were grown 10-15 days before staining with 0.4% methylene blue (Sigma)/50% methanol (Fisher Scientific). Colonies of 450 cells were scored. The surviving fraction was determined by dividing the average number of colonies for each treatment by the average number of colonies in the control.
Cell-cycle analysis. Cell-cycle analysis of floating and adherent cells was carried out as described previously. 16 Detection of apoptosis. Apoptotic cells were assessed by flow cytometry using FITC-Annexin V and propidium iodide or TUNEL staining according to the manufacturer's instructions (BD Biosciences).
Detection of DSBs by pulsed-field gel electrophoresis. HCT116 cells were treated with 2 mM thymidine for 48 h. Following treatments, 1 Â 10 6 cells were embedded into agarose inserts. For IR, 1 Â 10 6 cells were melted into an agarose insert and then treated with 10 Gy of IR. The agarose inserts were incubated in 0.5 M EDTA, 1% N-laurylsarcosyl, and proteinase K (1 mg/ml) for 48 h and then washed four times in TE buffer, before loading onto a 1% agarose gel. Pulsed-field gel electrophoresis (1201 angle, 60-240 s switch time, 4 V/cm; BioRad) was then carried out. The gel was subsequently stained with ethidium bromide and analyzed using Image Gauge software. Recombination assay. The SCneo recombination reporter-containing cell line SW480/SN3 was transfected with the indicated siRNA as described above. Twenty-four hours later they were transfected either with and empty vector or a pCMV3nls-I-SceI expression vector for another 24 h and analyzed for frequency of neo þ recombinants as described previously.
38
Cell extraction and western blotting. Whole-cell extracts were prepared as described previously. 21 Chromatin-bound proteins were isolated as described by Li and Stern. 19 A total of 3 Â 10 6 cells were washed with PBS, resuspended in 200 ml of solution A (10 mM HEPES at pH 7.9, 10 mM KCl, 1.5 mM MgCl 2 , 0.34 M sucrose, 10% glycerol, 1 mM dithiothreitol, 10 mM NaF, 1 mM Na 2 VO 3 , and protease inhibitors) containing 0.1% of Triton X-100, and incubated on ice for 5 min. Cytoplasmic proteins (supernantant 1, S1) were separated from nuclei by low-speed centrifugation (1300 Â g for 4 min at 41C). Isolated nuclei were washed once with solution A and then lysed in 200 ml of solution B (3 mM EDTA, 0.2 mM EGTA, 1 mM dithiothreitol, and protease inhibitors) on ice for 10 min. Soluble nuclear proteins (S2) were separated from insoluble chromatin by centrifugation (1700 Â g for 4 min at 4 1C). Isolated chromatin was washed once with solution B and centrifuged at 10 000 Â g for 1 min. The final chromatin (pellet, P) was resuspended in 200 ml of Laemmli buffer and boiled for 5 min. Proteins were separated by SDS-PAGE and blotted onto nitrocellulose (Schleicher & Schuell). Proteins were detected using the enhanced chemiluminiscence detection system (ECL, Amersham) according to the manufacturer's recommendations, using anti-Chk1 (no. 2345) from Cell Signaling; anti-Rad51 (sc-8349), anti-XRCC3 (sc-5904), anti-Cdc45 (sc-20685), and anti-RPA70 (sc-14696) from Santa Cruz Technology; anti-RPA34 (NA19L) from Calbiochem; anti-ORC2 (no. 559266) and anti-GRB2 (no. 610111) from BD Pharmingen; or anti-b-actin (A-5060) from Sigma.
Immunofluorescence staining. For RPA or Rad51 foci staining, cells were cultured on glass coverslips, treated as indicated, fixed with 4% formaldehyde for 20 min at room temperature (RT), and permeabilized in PBS containing 0.5% Nonidet P-40 for 5 min at RT. Cells were then blocked with PBS containing 1% BSA and 0.05% Tween 20 (PBT) for 5 min at RT and incubated with 2 mg/ml anti-RPA34 (NA19L; Calbiochem) or 1:100 diluted anti Rad51 (sc-8349) for 1 h and 1:100 diluted Texas Red-conjugated donkey anti-mouse IgG (no. 715-075-151; Jackson ImmunoResearch Laboratories) or FITC-conjugated anti-rabbit IgG (no. 711-095-152; Jackson ImmunoResearch Laboratories) for 1 h in the dark. Antibody dilutions and washes after incubations were performed in PBT. For the simultaneous analysis of RPA and PCNA foci, cells were first fixed, permeabilized, and stained for RPA as above. Cells were then fixed again with ice-cold methanol for 5 min, washed twice with PBT, and incubated with 1:100 diluted FITC conjugated-anti PCNA antibody (sc-56FITC; Santa Cruz Technology) for 1 h in the dark. Coverslips were finally mounted in Vectashield mounting medium with DAPI (H-1500; Vector Laboratories Inc.). The resulting fluorescence was analyzed using a Nikon Eclipse T200 microscopy equipped with a Hamamatsu Orca ER camera and the Volocity 3.6.1 (Improvision) software. Rad51 foci were assayed as described by Sorensen et al.
13 Figure 8 Model for the role of the RPA-ssDNA complex as a apoptotic signal. Inhibition of replication polymerase in wild-type cells by replication inhibitors (RIs) causes a decrease in the rate of DNA synthesis and generates RPA-coated ssDNA regions as a result of the continued function of the helicase complex (a). This activates the ATRChk1-signalling pathway, which in turn inhibits inappropriate origin firing and prevents the further accumulation of ssDNA regions (as detected by formation of RPA foci). This allows time for repair and the restart of DNA synthesis. Chk1-depleted cells cannot prevent inappropriate origin firing and the uncoupling of the helicase and polymerase activities causes accumulation of ssDNA (b). We propose that the accumulation of ssDNA provides a signal that is amplified in the absence of Chk1 to trigger apoptosis. After Chk1 depletion, p21 is upregulated and partially prevents this apoptotic signal. When the helicase cofactor Cdc45 is knocked down in Chk1-depleted cells, replicative helicase activity is low, preventing the accumulation of ssDNA and cell death (c)
